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The  sustainability  of  ecosystem  productivity  and  rules  governing  ecosystem  development  are  important
topics  of  scientiﬁc  research.  The  emergy  approach  is  an  effective  method  for investigating  these  topics,
especially  when  used  to evaluate  systems  that  have  developed  under  the  same  environmental  conditions,
such  as climate  and soil.  In  this  paper,  emergy  differences  between  terrestrial  ecosystems  were  studied
in Guyuan  County,  a region  representative  of  the agro-pastoral  ecotone  in  Hebei  Province,  China.  A  com-
bination  of  ﬁeld  tests  and  a questionnaire  survey  were  carried  out  between  June  and  August  2015.  The
ecosystems  studied  included  natural  grassland,  artiﬁcial  grassland,  ﬁeld crops  and  commercial  crops.
These  four  ecosystems  were  further subdivided  into  a  total  of  ten ecosystems.  Natural  grassland  was
divided  into  free-grazing  and  mowed  ecosystems;  artiﬁcial  grassland  consisted  of  oat,  Chinese  leymus
and  corn  silage;  ﬁeld  crops  included  naked  oats,  ﬂax  and  wheat;  and  commercial  crops  consisted  of  cab-
bage  and  potatoes.  The  results  showed  that  the  rain  input  of 4.78 × 1014 seJ/ha/yr  constituted  the  highest
renewable  natural  resource  emergy  and  that  the  purchased  emergy  inputs  of  the  ten ecosystems  ranged
from 3.53  to 147.67  × 1014 seJ/ha/yr.  Natural  resource  emergy  input  was  the basic  power  to maintain
the  ecosystem,  and  purchased  emergy  input  was  the  direct  cause  of  the  development  of the  ecosystems.
Groundwater  was  the most  important  non-renewable  purchased  energy  for  the production  of  economic
crops.  The  emergy  investment  ratios  (EIR)  for  potatoes  (27.81)  and  cabbage  (19.03)  were  higher  than
those  of the other  ecosystems,  but  mowed  and  artiﬁcial  Chinese  leymus  grassland  had  the  higher  emergy
self-sufﬁciency  rates  (ESR).  Natural  grassland,  artiﬁcial  Chinese  leymus  grassland  and  traditional  grain
crops had  a low  environmental  load  and  high  sustainability,  whereas  potatoes  and  cabbage  had  a high
environmental  load  and  low  sustainability.  Overall,  rain-fed  artiﬁcial  grassland  has  a high  development
potential  from  the perspective  of  environment  and  productivity.
© 2016  The  Author(s).  Published  by  Elsevier  Ltd. This  is an open  access  article  under  the  CC  BY-NC-ND. Introduction
The sustainability of social-ecological systems is an important
opic of scientiﬁc research (Krausmann et al., 2013; Liu et al., 2015).
and-use/land-cover change (LUCC) is the most direct manifesta-
ion of the effects of human activity on Earth’s natural ecosystems
nd serves as a link between human social and economic activ-
ties and natural ecological processes (Mooney et al., 2013). The
gro-pastoral ecotone in northern China has gradually become
∗ Corresponding author at: Institute of Grassland Science, China Agricultural Uni-
ersity, Beijing 100093, China.
E-mail address: wangkun@cau.edu.cn (K. Wang).
ttp://dx.doi.org/10.1016/j.ecolind.2016.11.028
470-160X/© 2016 The Author(s). Published by Elsevier Ltd. This is an open access articl
.0/).license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
fragmented into a variety of ecosystems in an interlocked mosaic
pattern in the interface area between nomadic and agrarian cul-
tures (Zhang et al., 2007). LUCC research focuses on the monitoring
and simulation of the dynamic land-use change process along with
the coupling of human and environmental systems, material cycles,
biosphere-atmosphere interactions, surface radioactive forcing and
the sustainable utilization of environmental resources (Rindfuss
et al., 2004; Meyfroidt et al., 2013; Mooney et al., 2013). The rapid
development of the Chinese economy and population growth have
been closely associated with excessive consumption of natural
resources and severe land deterioration (Brouwer, 2004; Ji and
Chen, 2006; Chen and Chen, 2007; Feng et al., 2009). Therefore, the
sustainable utilization of environmental or ecological resources for
e under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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griculture and animal husbandry in China has been a major chal-
enge. Traditionally, agricultural and pastoral research has focused
n increasing yields and enhancing the economic efﬁciency of dif-
erent production systems (Rydberg and Haden, 2006; Kemp et al.,
013). However, the ecological costs have not been considered
ufﬁciently, thus leading to severe ecological deterioration in the
gro-pastoral ecotone in northern China (Zhang et al., 2007). Hence,
here is a need for more integrated accounting procedures that
onsider both the economic and ecological costs when evaluat-
ng production systems to provide a balanced view of comparative
esource use. Emergy synthesis is an accounting tool that consid-
rs both the environmental and economic inputs that are directly
r indirectly required by a process to generate a product and it mea-
ures real wealth, independent of ﬁnancial considerations (Odum,
988; Brown and Ulgiati, 2004; Ulgiati et al., 2007; Ghaley and
orter, 2013; Zhang et al., 2016). The Chinese Academy of Sciences
nd the Natural Science Foundation of China, the U.S. Environ-
ental Protection Agency, the EU, and the Italian National Agency
or New Technologies, Energy and Sustainable Economic Develop-
ent are pursuing projects to evaluate the assessment capability of
mergy (Geng et al., 2013). Many studies have conducted emergy
nalyses of large regions such as nations (Ulgiati et al., 1994; Wright
nd Østergård, 2016; Zhang et al., 2016), cities (Zhang et al., 2011),
ounties (Ma  et al., 2014), forests (Li et al., 2014), grassland (Dong
t al., 2012, 2014) and crop production systems (Martin et al.,
006; Ghaley and Porter, 2013; Patrizia et al., 2014; Zhang et al.,
016). Databases at all levels are necessary to help emergy become
 practical policy-making instrument for sustainable or circular
evelopment (Geng et al., 2013). Because previous studies were
ainly performed at large spatial scales, there is a lack of experi-
ental research at small spatial scales. Additionally, most studies
ocused on the development of plant communities (Soliveres et al.,
015), make little use of databases or focus on the emergence of
echanisms and rules governing ecosystem development under
he same environmental conditions, such as climate and soil. The
im of this paper is to analyze the emergy differences among sys-
ems, ﬁnd consistencies in input and output between different
cosystems operating under the same environmental conditions,
valuate the sustainability of these ecosystems and present data
upport for research on ecosystem development and government
olicy decisions in the agro-pastoral ecotone in China.
. Materials and methods
.1. Study site
The research was conducted at the National Field Station for
rassland Ecosystems in Guyuan County (latitude 41◦46′N, longi-
ude 115◦40′E, elevation 1430 m),  Hebei Province, China (Fig. 1).
he area has a semi-arid continental monsoon climate with a
rost-free period of 80–110 days. The annual (1982–2009) mean
recipitation is approximately 430 mm (ranging from 350 to
50 mm),  and approximately 80% of the precipitation is concen-
rated in the growing season between June and September. The
nnual mean air temperature is 1.4 ◦C. The minimum monthly
ean air temperature is −18.6 ◦C in January, and the maximum
s 21.1 ◦C in July. Leymus chinensis is the dominant species of this
rassland, and the soil is Calcic-orthic Aridisol (Wang et al., 2015;
hen et al., 2015). Crops mainly consist of naked oats, ﬂax, wheat
nd corn silage..2. Experimental design and treatments
Four land-use types, including natural grassland, artiﬁcial grass-
and, ﬁeld crops and commercial crops, were selected for the study.tors 74 (2017) 198–204 199
The natural grassland was divided into free-grazing and mowed
grassland ecosystems; the artiﬁcial grassland was  comprised of
three ecosystems: oats, Chinese leymus and corn silage; ﬁeld crops
included naked oats, ﬂax and wheat; the commercial crops consid-
ered were cabbage and potatoes; thus, there were ten ecosystems
in total. All of the ecosystems have been in stable use for over 5
years.
Field sampling was carried out in August 2015. Aboveground
biomass and underground biomass (0–30 cm)  were measured using
the harvest method. The dry weight of biomass was measured after
drying at a temperature of 65 ◦C for 48 h. Cabbage, potatoes and corn
silage were cut into several pieces for drying. From June to July
2015, status questionnaires were given to 5 households for each
ecosystem. The questionnaire consisted mainly of questions con-
cerning basic farming metrics such as yield, area, and population;
material inputs such as seeds, manure, labor, diesel, iron fencing,
electrical power, ground water, nitrogen, phosphorus, potassium,
compound fertilizer, pesticides, agricultural ﬁlms; and economic
outputs such as gross income, cost and net income.
2.3. Data statistics and analysis
In emergy synthesis, the system boundary is deﬁned to assess
the inputs and outputs of the system studied (Fig. 2). The inputs
and outputs crossing the boundary of analysis were inventoried.
Local renewable inputs consisted of sun, wind, rain, seeds, manure
and labor, and local non-renewable inputs consisted of topsoil loss,
groundwater, diesel, iron, electricity, fertilizer, pesticide and agri-
cultural ﬁlms (Table 1 and 2). Labor input consisted of the various
costs incurred between land preparation and harvest. The units
given in joules and grams were then multiplied by solar transfor-
mity coefﬁcients to convert to units of solar emjoules (seJ). The
value of emergy can be obtained using the following equation:
Emergy = available energy of an item × transformity (Odum, 1988;
Campbell, 2001; Dong et al., 2012). Conversion of the different ﬂows
into emergy was done with reference to the geobiosphere emergy
baseline of 12E + 24 seJ/year in the latest work (Brown et al., 2016;
Campbell, 2016); therefore, we transformed data from other stud-
ies to our chosen baseline. For example, data which were relative
to the 9.26E + 24 and 15.83E + 24 seJ/year baseline were converted
to the 12E + 24 seJ/year by multiplying by a conversion factor of 1.3
and 0.758.
3. Results
3.1. Emergy ﬂows including input, composition and output
Natural resource inputs included local renewable (R) and local
non-renewable (N) inputs. Because the sun, wind and rain were
co-products of coupled processes, the chemical potential energy
input of rain (4.78 × 1014 seJ/ha/yr, Table 1), which constituted the
highest emergy ﬂow of the three, was  considered to be the entire
renewable resource emergy ﬂow to avoid overestimating renew-
able inputs; the renewable resource emergy ﬂow was considered
to be the same for each ecosystem in the study area.
The main categories of purchased emergy and emergy ﬂows into
all of the ecosystems are summarized in Tables 2 and 3. Table 3 lists
the purchased emergy inputs for each ecosystem and categorizes
them as renewable organic emergy (O) or non-renewable industrial
purchased emergy (P). Renewable organic emergy includes seeds,
manure and labor; non-renewable industrial purchased emergy
includes diesel, iron fencing, electrical power, ground water, nitro-
gen, potassium, compound fertilizer, pesticides and agricultural
ﬁlms. For comparison, all ﬂows were expressed in units of annual
solar emergy (seJ) per hectare. There was a signiﬁcant variance in
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tig. 1. Site maps: (a) the location of agro-pastoral ecotone of northern China (accor
f  the agro-pastoral ecotone.
otal emergy input, ranging from 3.53 × 1014 seJ/ha/yr in mowed
rassland to 147.67 × 1014 seJ/ha/yr in potatoes. The value of pur-
hased emergy inputs to potatoes and cabbage is higher than 100,
orn silage and oats are higher than 10, and the others are less than
0. The sum of O ranged from 2.57 × 1014 seJ/ha for mowed grass-
and to 51.49 × 1014 seJ/ha for potatoes; the sum of I ranged from
.09 × 1014 seJ/ha for free-grazing grassland to 96.19 × 1014 seJ/ha
or potatoes.
Among the various purchased inputs for different ecosystems,
roundwater, labor and electrical power consumed the bulk of
he emergy (Table 3). Diesel and fertilizer consumption had the
econd highest emergy inputs, and the emergy consumption for
ther ﬁeld operations was  low or negligible. In potatoes and oats,
roundwater emergy input (per ha) was the highest, constituting
4.66%, and 42.25% of the total purchased emergy input, respec-
ively, followed by the emergy input for labor (34.85% and 32.92%,o Zhao et al., 2002); (b) outlines of Guyuan county, a typical representative county
respectively) and electric power (13.75% and 12.99%, respectively).
The proportion of labor and groundwater were 50.93% and 39.16%
for cabbage. The area planted in potatoes and vegetables was
(3.33 × 104 ha) and showed and an increasing trend year by year.
This area accounted for 9.12% of the county’s area (3.65 × 105 ha).
The use of groundwater is a concern and should be studied. In gen-
eral, labor, groundwater, electricity and diesel fuel constituted >97%
of the purchased emergy in put to all ecosystems.
The energy output for all of the ecosystems was  calculated
based on the dry matter of grain or straw (Table 4). The energy
output ranged from 9.36 × 109 J/ha in free grazed grassland to
182.81 × 109 J/ha in potatoes. The grain energy of potatoes, naked
oats, wheat, and ﬂax was used to analyze the solar transformity,
the other ecosystems were the straw energy. Cabbage had the
greatest solar transformity of 6.34 × 105 seJ/J, followed by free
X. Zhai et al. / Ecological Indicators 74 (2017) 198–204 201
Fig. 2. A general energy ﬂow diagram of the agricultural production system.
Energy circuit. A pathway whose ﬂow is proportional to the storage. Constant force source. Storage. Producer. Heat sink. System frame.
Table  1
Emergy inputs of local natural resources in Guyuan county, China.
Inputs Raw data (J/ha/yr) Solar transformity (seJ/J)a Emergy (seJ/ha/yr)
Local renewable (R)
Solar energyb 5.83 × 1013 1 5.83 × 1013
Wind energyb 1.52 × 1011 1911 2.91 × 1014
Rain chemical potential energy 2.03 × 1010 23,530 4.78 × 1014
Chemical potential energy of evapotranspirationb 8.04 × 1010 36,530 2.94 × 1015
Local non-renewable (N)
Net topsoil loss (organic matter) 5.61 × 108 94,380 0.53 × 1014
Sum of natural inputs 5.31 × 1014
Solar energy = 10,000m2 (area) × 5.83 × 109J/yr (annual average solar radiation) = 5.83 × 1013 (J/ha/yr).
Wind energy (Campbell and Ohrt, 2009) = 1.3 kg/m3 (density) × 1 × 10−3 (drag coefﬁcient) × 7.18 m/s  (geostrophic wind velocity)3 × 10000 m2(area) × 3.16 × 107
(sec/year) = 1.52 × 1011 (J/ha/yr).
Chemical potential energy of rain (J) = 10000m2 (area) × 430 mm (rainfall) × 1000 kg/m3 (rain density) × 4.73J/g (Gibbs Free Energy) (Campbell and Ohrt, 2009) = 2.03 × 1010
(J/ha/yr). Gibbs Free Energy water relative to seawater based on the average temperature (15.12 ◦C) of the growing season in Guyuan County.
Chemical potential energy in evapotranspiration (J) = 10,000m2 (area) × 1.7 m (annual average evapotranspiration) × 1000 kg/m3 (density) × 4.73J/g (Gibbs Free Energy)
(Campbell and Ohrt, 2009) = 8.04 × 1010 (J/ha/yr).
Net topsoil loss (organic matter) energy (J) = 1.24 × 106 g/ha/yr (average soil erosion) (Zheng et al., 2009) × 0.02 (fraction of organic mat-
t
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a The baseline of transformities is 12E + 24 seJ/year (Brown et al., 2016; Campbell
b Values not considered to avoid double counting.
razed grassland (1.02 × 105 seJ/J), the other ecosystems ranged
rom 0.16 × 105 seJ/J (corn silage) – 0.84 × 105 seJ/J (potatoes).
.2. Emergy-based indicators
Table 5 shows the emergy-based indicators for the ten ecosys-
ems in the study area. The emergy investment ratios (EIR) for
otatoes (27.81) and cabbage (19.03) were higher than those of
he other ecosystems. The emergy self-sufﬁciency rates (ESR) for
owed and artiﬁcial Chinese leymus grassland were the high-
st, both at 60%, followed by free grazing grassland (55.79%),
heat (43.51%), ﬂax (43.51%), naked oats (43.34%) and corn silage
30.52%), the lowest ESRs were 25.36%, 4.99% and 3.47% for oats,
abbage and potatoes, respectively.
The emergy yield ratios (EYR) for cabbage and potatoes were
ower than those for other ecosystems, which had values higher
han 1.34. In contrast, the environmental loading ratios (ELRs) for
otatoes and cabbage were 31.00 and 21.25 respectively, which
ere signiﬁcantly higher than those for other ecosystems; free-
razing, mowed  and artiﬁcial Chinese leymus grassland had lower
LRs that were close to 0.9. As a result, the emergy sustainability
ndex (ESI), which is the ratio of EYR to ELR, was highest for the
roup: artiﬁcial Chinese leymus, mowed and free grazed grassland;), and transformed from (Campbell and Ohrt, 2009).
these ecosystems demonstrated higher sustainability because their
environmental load was  lower and their emergy yield was higher
that the other systems examined.
4. Discussion
Immigration and the increase in livestock breeding by herders
and crop planting by farmers to improve their livelihoods and keep
pace with human population growth have caused land to become
gradually fragmentized and have created an interlocked mosaic
pattern in the agro-pastoral ecotone in northern China (Zhang et al.,
2007; Dong et al., 2012). Furthermore, encouraged by local govern-
ments and driven by economic interests, large areas of grassland
in northern China were reclaimed, particularly during the last two
decades (Liu et al., 2014). Over time, the formation and develop-
ment of ecosystem diversity in a small region, as mentioned above,
included natural grassland, artiﬁcial grassland and farmland. Sound
or sustainable ecosystem management requires the understand-
ing and proper evaluation of the environmental contributions of
an ecosystem that traditional economic evaluations tend to over-
look or underestimate; emergy analysis can solve this problem
(Campbell, 2001).
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Table 2
Energy and other input data of purchased energy to ten ecosystems.
Input category Potatoes Cabbage Corn
silage
Chinese
leymus
Oats Naked
oats
Wheat Flax Mowed
grassland
Free
grazing
Renewable organic
energy
Seeds(kg/ha) 2550 2.25 150 300 150 225 225 75 0 0
Manure(kg/ha) 0 0 1500 1500 10000 1500 3000 1500 0 0
Labor($/ha) 1153.85 1153.85 230.76 57.69 115.38 115.38 115.38 115.38 57.69 92.31
Non  renewable
industrial purchased
energy
Diesel(J/ha) 11.73 × 109 11.73 × 109 2.07 × 109 1.03 × 109 2.07 × 109 2.07 × 109 2.07 × 109 2.07 × 109 1.03 × 109 0
Iron
fence(kg/ha)
0  0 0 1000 1000 0 0 0 1000 1000
Electric
power
(J/ha)
10.8  × 109 0 0 0 1.08 × 109 0 0 0 0 0
Ground
water(J/ha)
37.05  × 109 22.23 × 109 0 0 3.71 × 109 0 0 0 0 0
Nitrogen(kg/ha) 0 375 150 0 0 150 0 0 0 0
Potassium(kg/ha) 750 0 0 0 0 0 0 0 0 0
Compound
fertilizer
(kg/ha)
1575  750 150 0 0 150 0 150 0 0
Pesticide
(kg/ha)
10  10 0.5 0 0 0.5 1 0.5 0 0
Agricultural
ﬁlms(kg/ha)
45  45 0 0 0 0 0 0 0 0
Table 3
Emergy inputs of purchased emergy to ten ecosystems.
Input category Inputs Solar
transformity
(seJ/unit)
Emergy (1014 seJ/ha)
Potatoes Cabbage Corn
silage
Chinese
leymus
Oats Naked
oats
Wheat Flax Mowed
grassland
Free
grazing
Renewable organic
energy (O)
Seeds(g) 9.1 × 108 0.0232 0.0000 0.0014 0.0027 0.0014 0.002 0.002 0.0007 0.0000 0.0000
Manure(g) 1.62 × 108 0.0000 0.0000 0.0024 0.0024 0.0162 0.0024 0.0049 0.0024 0.0000 0.0000
Labor($) 4.46 × 1012 51.4617 51.4617 10.2919 2.573 5.1459 5.1459 5.1459 5.1459 2.5730 4.1170
Sum  of O 51.4849 51.4617 10.2957 2.5781 5.1635 5.1504 5.1529 5.1491 2.5730 4.1170
Non  renewable
industrial purchased
energy (P)
Diesel(J) 8.41 × 104 9.8649 9.8649 1.7409 0.8662 1.7409 1.7409 1.7409 1.7409 0.8662 0.0000
Iron
fence(g)
9.1  × 109 0.0000 0.0000 0.0000 0.0910 0.0910 0.0000 0.0000 0.0000 0.0910 0.0910
Electric
power(J)
1.88  × 105 20.3040 0.0000 0.0000 0.0000 2.0304 0.0000 0.0000 0.0000 0.0000 0.0000
Ground
water(J)
1.78  × 105 65.9490 39.5694 0.0000 0.0000 6.6038 0.0000 0.0000 0.0000 0.0000 0.0000
Nitrogen(g) 3.07 × 1010 0.0000 0.1151 0.0461 0.0000 0.0000 0.0461 0.0000 0.0000 0.0000 0.0000
Potassium(g) 1.4 × 109 0.0105 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Compound
fertilizer(g)
3.56  × 109 0.0561 0.0267 0.0053 0.0000 0.0000 0.0053 0.0000 0.0053 0.0000 0.0000
Pesticide(g) 1.91 × 1010 0.0019 0.0019 0.0001 0.0000 0.0000 0.0001 0.0002 0.0001 0.0000 0.0000
Agricultural
ﬁlms(g)
4.83  × 108 0.0002 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Sum  of P 96.1866 49.5783 1.7924 0.9572 10.4661 1.7924 1.7411 1.7463 0.9572 0.0910
Total  (F) 147.6715 101.04 12.0880 3.5354 15.6296 6.9428 6.8939 6.8954 3.5302 4.208
Note: The baseline of transformities is 12E + 24 seJ year−1 (Brown et al., 2016; Campbell, 2016). Transformity were gleaned from different sources: seeds (Coppola et al., 2009); manure (Bastianoni et al., 2001); labor(Bo and Ulgiati,
2013); diesel, nitrogen, potassium (Brandt-Williams, 2002); iron fence, electric power, pesticide(Dong et al., 2014); ground water (Buenﬁl, 2001); compound fertilizer, agricultural ﬁlms (Lan et al., 2002)
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Table  4
Energy outputs and solar transformity of ten ecosystems.
Ecosystems Output straw or grain energy (×109 J/ha) Total emergy (R + N + F) (×1014 seJ/ha) Solar transformity (×105 seJ/J)
Potatoes 182.81 152.98 0.84
Cabbage 16.78 106.35 6.34
Corn  silage 109.17 17.40 0.16
Chinese leymus 37.25 8.85 0.24
Oats  75.23 20.94 0.28
Naked  oats 30.38 12.25 0.40
Wheat  36.45 12.20 0.33
Flax  25.05 12.21 0.49
Mowed  grassland 11.90 8.84 0.74
Free  grazing 9.36 9.52 1.02
Note: The grain energy of potatoes, naked oats, wheat, and ﬂax was  used to analyze the solar transformity, other ecosystems were the straw energy.
Table  5
Comparative of emergy indices for ten ecosystems.
Ecosystem types Ecosystems Emergy investment
ratio(EIR)
Emergy self-sufﬁciency
ratio(ESR)
Emergy yield
ratio(EYR)
Environmental
loading ratio (ELR)
Emergy sustainability
index(ESI)
Parameters F/(R + N) (R + N)/(R + N + F) (R + N + F)/F (N + F)/R EYR/ELR
Commercial crop Potatoes 27.81 3.47% 1.04 31.00 0.0334
Cabbage 19.03 4.99% 1.05 21.25 0.0495
Artiﬁcial grassland Corn silage 2.28 30.52% 1.44 2.64 0.5452
Chinese leymus 0.67 60.03% 2.50 0.85 2.9418
Oats  2.94 25.36% 1.34 3.38 0.3963
Field  crop Naked oats 1.31 43.34% 1.76 1.56 1.1289
Wheat 1.30 43.51% 1.77 1.55 1.1398
51% 
07% 
79% 
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Natural grassland Mowed grassland 0.66 60.
Free  grazing 0.79 55.
According to the emergy accounting rules, only the larger of
he solar and rain emergy can be considered the environmental
enewable emergy that drives a natural or semi-natural ecosystem.
imilar to Guyuan and Minqin Counties in northern China, where
ainfall is relatively lower than in southeast China, rain emergy was
lways greater than solar emergy when an annual time scale was
sed (Li et al., 2014). In China, non-renewable inputs such as agri-
ultural mechanical equipment and chemical fertilizer represent
he largest contribution to the total input of the crop production
ystem (Zhang et al., 2016). In our opinion, labor and groundwater
especially in arid and semi-arid regions) are also major contribu-
ors: in the agro-ecosystem of Luancheng County in North China,
roundwater was the greatest contributor to resource inputs (Lu
t al., 2010; Ma  et al., 2014). The total output of economic crops has
ar surpassed that of traditional grain crops (Zhang et al., 2016),
nd the higher prices for economic crops explain why an increas-
ng amount of grassland is being gradually converted to farmland
o grow commercial crops. Although economic processes or factors
re not within the scope of discussion for this article, it is worth
entioning that economic interest is an important factor in driv-
ng these purchased emergy inputs to promote the development of
cosystems.
Emergy indicators (Brown and Ulgiati, 1997) including EIR, EYR,
LR and ESI were estimated as a means of comparing the ecologi-
al and economic sustainability of the ecosystems. These indicators
ave proven useful in the valuation of agricultural or grassland sys-
ems (Ghaley and Porter, 2013; Dong et al., 2012; Zhang et al., 2016).
he EIR values for potatoes and cabbage were higher than those for
ther ecosystems, and the value of 7.77 for China’s crop produc-
ion system (Zhang et al., 2016) indicates that more unexploited
esources attract investors (Lu et al., 2006). As for the EYR, com-
aring our results to those of similar research, the average level of
griculture was 1.68 nationally in China (Zhang et al., 2016), 1.03 for
heat production in Denmark (Ghaley and Porter, 2013), 1.07 for
orn production in the USA (Martin et al., 2006), and 1.17 nationally
n Italy (Patrizia et al., 2014); these results show that the ecosystems1.77 1.55 1.1395
2.50 0.85 2.9481
2.26 0.99 2.2819
in this study except cabbage potatoes,corn silage and oats have a
stronger competitive ability. The ELR values for potatoes and cab-
bage (31.00 and 21.25) were far above the national average (2.10,
Zhang et al., 2016), which indicates that the ecosystem is not sus-
tainable, because it relies mainly on non-renewable emergy inputs.
The ELR values for free-grazing, mowed and artiﬁcial Chinese ley-
mus  grassland indicate that these three ecosystems have the lowest
environmental load. With the exception of agro-ecosystems that
are less environmentally demanding and largely dependent on local
renewable resources for production (Ghaley and Porter, 2013), a
low ESI (<1) indicates an economy that has been classiﬁed as ‘devel-
oped,’ and a high ESI (>10) indicates an economy that has been
classiﬁed as ‘undeveloped.’ ESI ratios with values between 1 and
10 are referred to as ‘developing economies’ (Brown and Ulgiati,
1997). Artiﬁcial Chinese leymus, mowed, and free grazed grassland
belong to the ESI range of developing economies; cabbage, potatoes
and oats belong to the range of highly developed economies with
low sustainability; naked oats, ﬂax, and wheat belong to the range
of developing economies but are less sustainable than the grass-
lands. The ESI values of naked oats, wheat and ﬂax were similar,
and they were similar compared with the crop production systems
in Hebei (1.18), lower than Inner Mongolia (1.46, Tao et al., 2013)
and higher than the average level of China (0.80) for the year 2010
(Zhang et al., 2016).
5. Conclusion
The emergy input and output of ten ecosystems demonstrate
pronounced differences under the same environmental conditions
in one county in the agro-pastoral ecotone in China. This analysis
enables us to understand the development of ecosystems under
anthropogenic inﬂuences. Natural resource emergy input is the
basic power to maintain ecosystems; purchased emergy input is
the direct cause of the development of the ecosystems under the
same environmental conditions. How these ecosystems develop in
the future will be the focus of future ecological studies. In addition,
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Zheng, S.H., Wang, K., Zhao, M.L., Han, G.D., Feng, Y.F., 2009. Primary evaluation of
the indirect value on rangeland ecosystem services in Northern agro-pastoral
ecotone – a case study in Taipusi banner and Guyuan league. Pratacultural Sci04 X. Zhai et al. / Ecological
roundwater is a major non-renewable natural resource, partic-
larly for commercial crops locally. Natural grassland, artiﬁcial
hinese leymus grassland and traditional grain crops have a low
nvironmental load and high sustainability, whereas potatoes and
abbage have the opposite. Corn silage and oats are more sustain-
ble than cabbage and potatoes, but lower than the other ﬁeld
rops, naked oats, wheat and ﬂax. Rain-fed artiﬁcial grassland has
 high development potential from the perspective of environment
nd productivity. How to make policy decisions and use rare natu-
al resources impartially, correctly, and in a well-planned manner
ill be critical issues in the future for protecting the ecological
nvironment and for the safety of food production.
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